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The simpler of the two infectious forms of vaccinia virus, the intracellular mature virus (IMV) is
known to infect cells less efficiently than the extracellular enveloped virus (EEV), which is
surrounded by an additional, TGN-derived membrane. We show here that when the IMV binds
HelLa cells, it activates a signaling cascade that is regulated by the GTPase racl and rhoA, ezrin,
and both tyrosine and protein kinase C phosphorylation. These cascades are linked to the
formation of actin and ezrin containing protrusions at the plasma membrane that seem to be
essential for the entry of IMV cores. The identical cores of the EEV also appear to enter at the cell
surface, but surprisingly, without the need for signaling and actin/membrane rearrangements.
Thus, in addition to its known role in wrapping the IMV and the formation of intracellular actin
comets, the membrane of the EEV seems to have evolved the capacity to enter cells silently,

without a need for signaling.

INTRODUCTION

Vaccinia virus (vv), the best studied member of the poxvirus
family, contains a dsDNA genome of 190-kB encoding for
over 200 proteins, of which ~100 (Essani and Dales, 1979)
make up the roughly brick-shaped particle, 350 X 250 nm in
size. Poxviruses are unique in several respects. First, tran-
scription as well as DNA replication occur in the host—cell
cytoplasm, since the proteins required for both processes are
encoded for in the viral genome. Second, during the assem-
bly of vv, two infectious forms are made: the intracellular
mature virus (IMV) and the extracellular enveloped virus
(EEV; Moss, 1990). Both particles enclose an identical DNA-
containing core (see below).

The assembly of vv starts at 5-6 h after infection with the
formation of crescent-shaped membranes modified by viral
membrane proteins. These membranes are derived from the
intermediate compartment and consist of two tightly ap-
posed cisternal membranes (Sodeik et al., 1993; Rodriguez et
al., 1995; Wollffe et al., 1996; for a different interpretation see
Hollinshead et al., 1999). The cisternal crescents form spher-
ical particles, the so-called immature viruses that contain in
their central part the viral core proteins (Ericsson et al., 1995;
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Cudmore et al., 1996). When the immature viruses take up
the DNA, the particle undergoes a complex series of mor-
phological changes to form the brick-shaped IMV. It is gen-
erally believed that the IMV remains intracellularly and is
released only on cell lysis. A small percentage of the IMVs (5
—20%, depending on the host cell) becomes enwrapped by a
membrane cisterna derived from the trans-Golgi network
(Schmelz et al., 1994) to form the so-called intracellular en-
veloped virus, that exploits the actin cytoskeleton to propel
itself through the cell toward the plasma membrane (Cud-
more et al., 1995). The outer membrane surrounding the
intracellular enveloped virus then fuses with the plasma
membrane to release the EEV into the extracellular space.
The EEV thus contains the underlying IMV surrounded by
an additional membrane with a unique set of (six identified)
EEV-specific membrane proteins (Payne, 1978; see Roper et
al., 1996 and references therein). Functional as well as ge-
netic studies have shown that the EEV is required for effi-
cient cell-to-cell spread of the virus (Payne, 1980; Blasco and
Moss, 1991). In addition, its entry appears to be faster and
more efficient than that of the IMV (Payne and Norrby, 1978;
Doms ef al., 1990), making it well suited for rapid dissemi-
nation.

The entry of enveloped viruses generally occurs in two
possible ways. On receptor binding, the viral envelope can
either fuse directly with the plasma membrane or, alterna-
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tively, the particle is internalized to reach endosomes where
a low pH-induced fusion occurs (for reviews, see Marsh and
Helenius, 1989; Kielian and Jungerwirth, 1990). Whether the
viral membrane fuses with the plasma or the endosomal
membrane, the final result of this process is the delivery of
the viral genome-containing core to the cytoplasm of the
host cell.

The entry of larger particles such as intracellular bacteria
into mammalian cells generally involves phagocytosis. The
interaction of the pathogen with the cell surface induces a
complex signaling cascade, leading to actin rearrangements
at the plasma membrane to form a phagocytic cup that
engulfs the bacterium (Dramsi and Cossart, 1998). Signaling
cascades responsible for actin rearrangements at the plasma
membrane on bacterial entry are only partially understood
(Galan, 1996; Menard et al., 1996; Finlay and Cossart, 1997;
Dramsi and Cossart, 1998), and in some cases GTPases of the
rho family, which are known to control actin dynamics and
achitecture (Hall, 1998), have been shown to play a role
(Adam et al., 1996; Chen et al., 1996; Watarai et al., 1997;
Hauck et al., 1998; Mounier ef al., 1999). In contrast, little is
known about a possible relationship between the entry of
enveloped viruses and actin. The few available studies sug-
gesting such a relationship were restricted to showing that
the entry of some enveloped viruses may be affected by
actin-depolymerizing drugs (Rosenthal ef al., 1985; Gottlieb
et al., 1993; Kizhatil and Albritton, 1997; Iyengar ef al., 1998;
Vanderplasschen et al., 1998).

The data concerning poxvirus entry are controversial. It
has been suggested from EM studies that vv may enter by
phagocytosis (Dales and Kajioka, 1964) or by fusion at the
plasma membrane (Armstrong et al., 1973; Chang and Metz,
1976) and at neutral pH (Doms et al., 1990). Observations by
Payne and Norrby (1978) suggested that the entry of the
IMV may require actin since it was inhibited by cytochalasin
B, while the EEV entry was unaffected by this drug. More
recent data, however, suggested that the entry of both the
IMV and the EEV is sensitive to cytochalasin D (Vander-
plasschen et al., 1998).

In this article, we have tried to resolve some of these
contradictory results. We show, that although the (identical)
cores of both the IMV and the EEV enter at the plasma
membrane into the adjacent cytoplasm, IMV entry requires
actin dynamics, while the EEV does not. In addition, the
IMV, but not the EEV, induces a signaling cascade from
which we identify a number of key players, including the
actin-binding protein ezrin, tyrosine, as well as protein ki-
nase C phosphorylation and the small GTPase racl. These
signaling events appear to stimulate the assembly of actin/
membrane protrusions that seem to be required for efficient
IMV entry.

MATERIALS AND METHODS

Materials

All chemicals were from Calbiochem (San Diego, CA) except for
cytochalasin D (CD), taxol, sphingosine 1-phosphate (S 1-P), and
staurosporin (Sigma, St. Louis, MO) and latrunculin A (Lan A) and
jasplakinolide (Jasp; Molecular Probes, Eugene, OR)
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Cells and Virus Preparation

HelLa cells (clone CCL3; ATTC, Manassa, VA) and RK13 cells were
grown as described (Sodeik ef al., 1993). Purified IMV (strain IHD-])
was prepared as before (Jensen et al., 1996), except that the virus was
purified on a 22-32% OptiPrep (Nycomed, GIBCO BRL, Grand
Island, NY) gradient in 10 mM Tris-Cl, pH 9, that was run for 45 min
at 24,000 rpm in a SW27 rotor. EEV preparations were obtained by
infecting monolayers of confluent RK13 cells at a multiplicity of
infection (MOI) of 50 for 2 h at 37°C, after which the inoculum was
replaced by serum-free DMEM. The virus was concentrated from
the culture medium that was harvested 24 h later, by centrifugation
for 30 min at 24,000 rpm in a SW27 rotor. The pelleted virus was
purified on OptiPrep gradients as described for the IMV. IMV and
EEV preparations banded in OptiPrep gradients were harvested,
snap-frozen in liquid nitrogen, and kept at —80°C. Pfu per particles
ratios were calculated as described in Pedersen et al. (2000). Briefly,
the titer was determined by plaque assay, and the number of par-
ticles was determined by OD,4, measurement. As for IMV and EEV
purified on sucrose gradients the pfu/particles ratios for
OptiPrep-purified IMV and EEV preparations were 1:50 and 1:15,
respectively. These ratios are comparable to those obtained by
Vanderplasschen and Smith (1997) using purified IMV or EEV taken
directly from the culture medium.

Antibodies and Plasmids

The anticore, antip16 (gene AI4L) antibodies and the monoclonal
antibody to the EEV membrane protein p42 (gene B5R) have been
described before (Schmelz ef al., 1994; Salmons et al., 1997; Krijnse
Locker and Griffiths, 1999). Monoclonal antibodies to VSV-G P5D4-
and to myc-epitope were provided by Alan Sawyer. Antiezrin, moe-
sin, and radixin antibodies were from Paul Mangeat, and antiactin
antibody was from Dr. Gabianni. Antibodies to racl were from
Transduction Laboratories (Lexington, KY 40511-2624). P5D4-
tagged full-length ezrin or ezrin 1-309 in pCB6 were a gift of Dr.
Monique Arpin (Algrain et al., 1993). Myc-tagged V14RhoA and
N19RhoA in pCDNAS3 were a gift of Dr. T. Jacks (Shaw et al., 1998),
and myc-tagged N17racl and Lé61racl in pRK5 as well as N17CDC42
and L61CDC42 in pRK3 were obtained from Dr. A. Hall. The
plasmid expressing rac1-GTP binding domain of pak3 fused to GST
(PBD-GST) was a gift of Shubha Bagrodia and Becky Worthylake
(Bagrodia et al., 1998).

Biochemical Binding and Entry Assay

HeLa cells plated in 10 cm? dished at a density of 4 X 10%cells per
dish were rinsed with cold serum-free DMEM (SFM) containing 20
mM HEPES and were cooled for 10 min on ice, before applying 100
000 cpm (corresponding to an MOI of ~10) of **methionine-labeled
(Jensen et al., 1996) IMV or EEV diluted in SFM (0.8 ml of diluted
virus per dish). After binding for 60 min on ice, the cells were
washed twice with PBS with 5 mM CaCl, and 8 mM MgCl,, were
overlayed with DMEM prewarmed at 37°C, and were incubated for
the indicated times at 37°C. The cells were washed twice with
ice-cold PBS containing 5 mM EDTA and EGTA and were incubated
for 60 min on ice with 0.2 mg/ml trypsin (Sigma) in PBS/EGTA/
EDTA. Aprotinin (Sigma) was added to a final concentration of 4
png/ml, the cells were gently squirted off the dish, pelleted, and
washed three times with PBS/EDTA/EGTA /aprotinin. Superna-
tant and washes were combined, the pellet was resuspended in 1 ml
of PBS, and the radioactivity was determined by liquid scintillation
counting. The percentage of entry was calculated by dividing the
counts associated with the pellet by the total number of counts.

IF Entry Assay

HeLa cells plated in 24-well plates (2.5 cm? surface) with 11-mm
diameter round coverslips at a density of 7 X 10* cells/well, were
rinsed once with cold SEFM/HEPES and were incubated for 10 min
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in cold SFM/HEPES at room temperature. IMV and EEV prepara-
tions were diluted in SFM/HEPES (0.35 ml/well) at the indicated
MOI. Diluted IMV was sonicated for 1 min in a waterbath sonicator,
while the EEV was not sonicated. The cells were incubated for 60
min at room temperature to synchonize entry and then were
switched to 37°C. At the indicated times, the cells were rinsed once
with PBS and were fixed for 30 min at RT with 3% paraformalde-
hyde in PBS. Indirect immunofluorescence was performed as de-
scribed (Den Boon et al., 1991) using the anticore antibody at a
dilution of 1:1000 and donkey antirabbit FITC (Dianova, Hamburg,
Germany). Because ATCC HeLa cells CCL3 are quite variable in
size, for quantitation of intracellular cores in each case 15 “big” and
15 “small” cells were counted.

Transfections

HeLa cells were plated in 10 cm? dishes containing six 11-mm
diameter coverslips. Cells were transfected for 8 h at 37°C using
calcium—phosphate precipitation, after which the cells were rinsed
extensively with PBS and incubated overnight at 37°C. IF entry
experiments on transfected cells were performed at 27-28 h post-
transfection. After fixing, the cells were double labeled with antimyc
or anti-P5D4 monoclonal antibodies and the anticore antibody.

Drug Treatments

The effect of different drugs on entry was tested by preincubating
cells for 15 min at 37°C with the drugs at the indicated concentra-
tions before the virus was allowed to bind at room temperature and
to enter at 37°C in the presence of the drugs. The effects of S 1-P,
PDGF, EGF, bradykinine, and bombesin were tested on HeLa cells
that were serum starved for 24 h. The cells then were incubated for
10 min at 37°C with the respective compounds, after which binding
and entry were performed in their presence.

Racl Activity Assay

Racl activity assay was performed as described (Waterman-Storer et
al., 1999). HeLa cells grown in 25-cm? dishes were washed once with
warm serum-free DMEM and were incubated for the indicated
times with purified IMV or EEV diluted in the same medium at an
MOI of 40. The incubations were performed such that all dishes
were lysed at the same time. Activated racl was affinity precipitated
from cell lysates using PBD-GST (the rac1-GTP binding domain of
pak3) coupled to GST-beads (Pharmacia, Uppsala, Sweden). Racl-
GTP was detected by Western blots using antiracl monoclonal
antibody at a dilution of 1:1000 and either goat antimouse-HRP
(Bio-Rad, Richmond, CA) followed by ECL (Amersham, Arlington
Heights, IL) or 3SLR-labeled antimouse Ig (Amersham). The latter
case was used to quantified racl1 GTP by phosphoimager.

Electron Microscopy, Surface Replica, and
Cryoscanning EM

HelLa cells infected for 30 min with IMV or for 10 min with EEV at
an MOI of 200 were fixed and prepared for cryosectioning as de-
scribed (van der Meer et al.,, 1999). For pre-embedding labeling
followed by epon embedding, infected cells were fixed for 10 min at
RT by the addition of an equal volume of 8% paraformaldehyde in
2X PHEM bulffer (van der Meer et al., 1999) to the culture medium.
The labeling was done by a 1-h incubation at 4°C with an anti-vv
antibody, followed protein gold. After extensive washing, the cells
were postfixed for 30 min at RT with 1% glutaraldehyde in PBS and
were embedded in epon as described (Ericsson et al., 1995). For the
surface replicas, HeLa cells were grown for 2 d on coverslips in-
fected for 30 min at 37°C with IMV at an MOI of 50, were fixed, and
were prepared for surface replica as described (Hohenberg, 1989).
Cryoscanning-EM of unfixed infected HeLa cells were grown on
carbon-coated sapphire disks, infected at an MOI of 50 for 30 min at
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37°C, after which the cells were plunged frozen into liquid nitrogen.
Samples were prepared and viewed as described by Ritter et al.
(1999).

RESULTS

The Preparation of Purified Virion Preparations

Throughout this study, we used the IHD-] strain of vv that,
when isolated from infected RK-13 cells, results in high
yields of EEV in the extracellular medium (see Materials and
Methods). Qualitative and quantitive viral entry studies re-
quire the preparation of highly purified and nonaggregated
virus stocks. We chose to use OptiPrep gradients for the
purification of IMV and EEV since several studies have
shown loxidanol to be superior to sucrose for purifying
intracellular organelles. The virion-containing band har-
vested from such gradients with a titer of 1-5 X 108 pfu/ml
was used for all subsequent experiments. By negative stain-
ing EM, this fraction contained single virus particles with no
cellular contamination (Figure 1, A and B). To document this
latter point even further, the proteins contained in the virus
bands obtained from sucrose or OptiPrep gradients were
run on gels that were subsequently silver stained (Figure
1C). The protein pattern of sucrose or OptiPrep IMV and
EEV preparations was completely identical with the EEV
containing two additional prominent bands around 30 kDa
(Figure 1C). These data show that OptiPrep gradients result
in the same purified virus preparations as sucrose gradients,
but that the former has the advantage that it can be used to
infect cells directly without dialysis.

Two Quantitative Entry Assays

As illustrated in Table 1 and Table 2, we found that the
binding of both the IMV and the EEV to HeLa cells was very
poor. No more than 4% of the total viruses were bound after
1 h of absorption, and this poor binding appeared to vary
little with the multiplicity of infection (MOI; Table 1) or
temperature (Table 2) used. Similar poor binding also was
observed in the study by Vanderplasschen and Smith (1997),
who used confocal microscopy to study vv binding. Al-
though the binding efficiency was not calculated or men-
tioned in that study, their results infer that at an MOI of 5 to
10 and no more than 2.4% of the total particles from sucrose-
purified IMV or EEV bound after 60 min on ice to HeLa,
RK13, and BSC-40 cells.

The first assay consisted of binding 3°S-methionine-la-
beled purified virions to HeLa cells on ice, washing away
unbound viruses and allowing entry to occur at 37°C. Since
the (poor) binding appeared independent of the MOI, we
used a constant amount of radioactivity for binding (100 000
cpm, corresponding in fact for most virus preparations to an
MOI of ~10) rather than a constant number of infectious
particles. At each time point of interest, the unpenetrated
virions at the plasma membrane were removed by a trypsin
treatment on ice, resulting in two radioactive values: cell-
associated (trypsin protected) and non-cell-associated
counts. The percentage of virus entry was calculated by
dividing the cell-associated counts by the total counts.

IMV entry was relatively slow and inefficient (Figure 2A).
About 45% of the bound virus entered over a 1-h period,
while this was 60-70% for the EEV. In the case of the IMV,
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Figure1. Negative staining EM and silver-stained gels of OptiPrep
and sucrose-purified IMV and EEV preparations. OptiPrep-purified
IMV (A) and EEV (B) preparations were absorbed to formvar/
carbon-coated grids and were stained with 2% ammonium molyb-
date. The insets at the bottom left show labeling with antibodies to
surface antigens of the IMV (p14 gene A27L) in (A) and EEV (p42;
gene B5R) in (B). The bar in the insets is 100 nm. Note that during
negative staining using ammonium molybdate the EEV-specific
membrane in B tends to collapse on the grid. In (C) sucrose-purified
and OptiPrep gradient-purified IMV and EEV preparations were
run on 15% SDS-PAGE, and the proteins were detected by silver
staining. 10, OptiPrep-purified IMV; IS, sucrose-purified IMV; EO,
optiprep-EEV; ES, sucrose-purified EEV; M, marker.

half of the total amount that was cell associated after 1 h
entered in 30 min, while for the EEV this took only 11 min.
These data are consistent with previous results (Doms et al.,
1990), showing that the entry of the IMV was slower and less
efficient than that of the EEV. Moreover, the data show that
our virus preparations have distinct entry kinetics/proper-
ties, validating our EEV and IMV purification procedures.
A second entry assay relied on an antibody against vv
cores, which by immunofluorescence recognizes the vv
cores only when these are in the cytosol following penetra-
tion (not shown; see also Vanderplasschen et al., 1998). To
synchronize entry, viruses were bound for 60 min at RT (a
temperature at which no entry occurs, see Doms et al., 1990).
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Table 1. The binding of IMV and EEV at different multiplicities of
infection and at 4°C?

Percentage of binding

1h 2h 3h 4h

IMV
MOI'1 1.9 27 4.6 42
MOI 5 2.0 3.5 3.1 7.8
MOI 10 1.6 24 1.6 49

EEV
MOI'1 2.0 3.6 5.7 7.3
MOI 10 1.1 32 3.1 6.3
MOI 20 1.1 25 32 5.8

2100 000 cpm of 3°S-labeled IMV or EEV preparations were bound
for indicated times on ice to monolayers of HeLa cells. Percentage of
binding was calculated by dividing the cell-associated counts by the
total counts. The values are the average of duplicates and from two
independent experiments.

Since even at that temperature the binding is poor, entry was
subsequently allowed to occur at 37°C without removing
viruses that remained unbound after the RT incubation pe-
riod. At various times after infection, the cells were fixed
and labeled with the anticore antibody, and the intracellular
cores were counted.

Figure 2B shows such a time course. In agreement with
the results using the 3S-labeled virions, it took ~30 min
for the IMV to reach half of the total amount of intracel-
lular cores that we counted at 60 min of infection, while
for the EEV this took around 20 min. In the case of the
EEV (but not for the IMV), there was a significant varia-
tion in the number of intracellular cores found in different
cells, most likely due to the fact that EEV preparations
generally have a greater tendency to aggregate during the
assay (unpublished observations). This may explain the

Table 2. The binding of IMV and EEV at different temperatures

Percentage of binding?

1h 2h 3h 4h

MV
4°C 1.9 2.7 4.6 42
15°C 4.6 6.7 9.0 8.9
18°C 2.8 3.8 7.6 9.0
22°C 29 45 10.6 10.8

EEV
4°C 2.0 3.6 5.7 7.3
15°C 4 4.8 7.0 7.9
18°C 34 32 59 9.3
22°C 3.1 8.9 12.8 17.7

2100 000 cpm of ¥S-labeled IMV and EEV preparations were bound
for the indicated times and indicated temperatures to monolayers of
HelLa cells at a MOI of 1. Percentage of binding was calculated by
dividing the cell-associated counts by the total counts. The values are
the average of duplicates and from two independent experiments.

Molecular Biology of the Cell
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Figure 2. Establishment of two quantitative entry assays.
(A) [*S]methionine-labeled and -purified IMV or EEV (indicated)
were bound and allowed to enter HeLa cells as described in Mate-
rials and Methods. At the indicated times, the cells were digested for
60 min on ice with 0.2 mg/ml of trypsin, and penetrated virus was
separated from unpenetrated virus by pelleting the cells. The per-
centage of entry was calculated by dividing the cell-associated
counts by the total counts (the addition of cell-associated and non-
cell-associated cpm). The values are the average of duplicates.
(B) Purified IMV or EEV preparations were bound for 60 min at RT
to monolayers of HeLa cells at different MOIs. The cells were
transferred to 37°C and were fixed after incubation at this temper-
ature for the indicated times. Entry was determined by counting the
average amount of intracellular cores per cell by immunofluores-
cence in 30 HeLa cells.

discrepancy between the “half-time” of EEV entry using
the assay based on the penetration of 3°S-labeled virions
versus this IF-assay.

Because of the relative ease of the IF entry assay, com-
pared with the assay with 3°S-labeled virions, essentially
all of the subsequent experiments were carried out using
this assay.
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Table 3. The effect of CD, Lan A, and Jasp on IMV and EEV entry

Concentration
(LM) CcDh? %P Lan A? % Jasp? %
MV
0 70.5 +20.8 100 70.5*=20.8 100 70.5 +20.8 100
0.5 268 +109 38 173*x11.6 25 327 +141 46
1 194 +104 28 17.0*x113 24 277167 39
2 120+59 17 104+74 15 203*+114 29
4 NDe ND 3.7*x49 5 136x71 19
EEV
0 682 +233 100 68.2*+233 100 682 + 233 100
0.5 61.8 £294 91 59.6 =185 87 675+254 99
1 662 £27.6 97 655250 96 72.8*+21.7 107
2 652 +29.0 96 679300 99 702269 103
4 635268 93 677250 99 59.0+203 87

@ Average number of cores and S.D.s per cell after infection with
IMV at MOI 50 or at EEV at MOI 20 and after pretreatment with CD,
Lan A, and Jasp at the indicated concentrations; n = 30. In each case,
the number of cores in the cytoplasm of 15 “small” and 15 “big”
Hela cells were counted.

b Percentage of control, the average amount of cores in untreated
cells was taken as 100%.

<ND, not done.

The Entry of the IMV Requires Actin-Dynamics

The role of the actin cytoskeleton in IMV and EEV entry was
investigated next. HeLa cells were preincubated for 15 min
at 37°C with drugs that affect actin-dynamics, after which
the virus was bound and allowed to enter at 37°C in the
presence of the drugs, and the intracellular cores were
counted by IF. To affect actin-dynamics, we used CD, the
most commonly used drug to block actin-assembly (Cooper,
1987), Lan A, which has been shown to be a powerful
actin-depolymerizer (Ayscough, 1998), and Jasp, which
binds F-actin and blocks actin-disassembly (Bubb et al., 1994;
Holzinger and Meindl, 1997). Control experiments using our
HeLa cells confirmed the expected effects of the three drugs
(not shown).

These three drugs were found to substantially affect the
entry of the IMV; at a concentration of 0.5 uM, for instance,

Table 4. The effect of nocodazole and taxol on IMV and EEV entry

IMV EEV
Treatment No. of cores? %P No. of cores %
Control®© 59.5 +20.9 100 68.8 = 23.3 100

Nocodazole (10 uM)
Taxol (2 uM)

54.0 = 20.0 91
61.5*+229 103

69.1 £25.1 101
68.6 = 25.4 101

@ Average number of cores and S.D.s per cell after infection with
IMV (MOI 50) or EEV (MOI 20); n = 30. In each case the amount of
cores in the cytoplasm of 15 “small” and 15 “big” HeLa cells were
counted.

b Percentage of control, the average amount of cores in untreated
cells was taken as 100%.

¢ Control signifies no drug treatment.
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CD inhibited IMV entry by 62%, Lan A by 75%, and Jasp by
54%, while this inhibition amounted to 83%, 85%, and 71%,
respectively, at a concentration of 2 uM (Table 3). No such
effect was observed when interfering with the microtubular
network, since neither nocodazole (at 10 uM) nor taxol (at 2
uM) pretreatment of cells affected IMV or EEV entry (Table
4). Remarkably, however, none of these actin drugs affected
the entry of the EEV (Table 3).

These data demonstrate that the IMV entry requires a
dynamic actin-network, while EEV enters in an actin-inde-
pendent manner, which is in agreement with the earlier
experiments of Payne and Norrby (1978)

The IMYV induces the formation of long actinlezrin-
containing protrusions, to which it binds and
through which it may enter

When analyzing thawed cryosections of HeLa cells infected
with IMV for 30 min, the cells showed an unusual amount of
long “finger-like” protrusions at the plasma membrane (Fig-
ure 3). The labeling of thawed cryosections with antibodies
to actin showed that the protrusions were clearly enriched in
this cytoskeletal protein (Figure 3A). By indirect immuno-
fluorescence, the protrusion not only were labeled with rhoda-
mine phalloidin (actin; Figure 4C) but were also enriched in
the actin-binding proteins ezrin (Figure 4D), moesin, and
radixin (not shown). Uninfected cells (Figure 4, A and B) or
cells exposed to EEV (not shown) did not show such long
filopodia-like structures at the plasma membrane. Cryosec-
tions of infected HeLa cells confirmed the localization of
ezrin to the (virus-induced) plasma membrane protrusions
(Figure 3B).

Using a surface-replica technique as well as cryoscanning
EM of unfixed preparations, the extent of the formation of
these protrusion became very obvious (Figure 5). These two
approaches showed that the entire surface of infected HeLa
cells appeared covered with these projections, which often
reached many microns in length (see e.g., Figure 5B), while
uninfected cells or cells exposed to EEV never showed such
dramatic numbers of protrusions (not shown).The IMVs had
a clear affinity for these protrusions; most virions were
found to be associated with them, while the smooth parts of
the plasma membrane were practically devoid of particles
(Figure 5).

Cryosections as well as plastic-embedded, infected
HelLa cells were used subsequently to determine the fate
of the IMVs that were bound to the filopodia. One option
was that the protrusions enwrapped the IMVs, which was
followed by phagocytosis of the whole (intact) virion.
Alternatively, the virions just associated with the protru-
sions or used them for an entry mechanism distinct from
phagocytosis. Figure 6 shows examples of whole virions
that are on the outside of the cells and of cores that have
entered the microvillar-like structures; in these represen-
tative images, the viral membrane remained at the cell
surface (Figure 6B), while the core ended up “free” (not
surrounded by any membrane organelle) in the cyto-
plasm. No whole particles were seen inside vacuolar or-
ganelles at these early times of infection.

Since the entry of the IMV core at the plasma membrane
required actin-dynamics but EEV entry was actin-inde-
pendent, we asked whether the latter virus entered in a
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different way, perhaps by means of endocytosis/phago-
cytosis. Cryosections prepared from cells that were in-
fected for 10 min with EEV, however, showed many im-
ages of cores (identical to those derived from the IMV)
penetrating into the cytoplasm at the plasma membrane,
with no hint of whole, intact particles being internalized.
Close to these cytoplasmic cores, viral membrane rem-
nants were observed to be attached to the plasma mem-
brane, which contained both EEV and IMV membrane
proteins (Figure 6, F and G). While the precise mechanism
of IMV and EEV entry is still under investigation, these
data show that the core of both viruses penetrates into the
cytoplasm at the plasma membrane in a way that at first
glance resembles a fusion process (see Discussion), ex-
cluding phagocytosis or endocytosis as the entry path-
way. Surprisingly, however, plasma membrane entry of
the IMV required the induction of actin-containing pro-
trusions through which at least a subset of the cores may
enter, while EEV entry occurred without the need of
filopodia formation at the cell surface.

Overexpression of the N-Terminal Half of Ezrin
Increases IMV Entry

That the actin-binding protein ezrin was present in the
virus-induced projections was not unexpected. Ezrin is a
member of the so-called ERM (ezrin, radixin, and moesin)
family of proteins that are found in ruffling membranes
and microvilli, where they are thought to link the actin
cytoskeleton to the plasma membrane (Tsukita and Yone-
mura, 1997; Bretscher, 1999; Mangeat et al., 1999). Several
studies have shown that the overexpression of truncated
versions of ezrin interferes with its normal function. The
overexpression of ezrin 1-310 or ezrin 310 to 586 in insect
cells was shown to induce the formation of long protru-
sions at the plasma membrane (Martin et al., 1995 and
1997). Similar effects were observed on overexpression of
ezrin 1-310 in CHO and CV-1 cells (Algrain et al., 1993).
Overexpression of this same construct in LLC-PK1 cells,
however, resulted in fewer microvilli on the surface of
these cells (Crepaldi et al., 1997; Skoudy et al., 1999).

When expressing ezrin 1-309 in HeLa cells tagged with a
VSV-G epitope, allowing the discrimination of transfected
versus untransfected cells, the overexpressed protein was
present in prominent protrusions, apparently induced by
this construct. The overexpressed full-length molecule also
was found in protrusions, but, compared with ezrin 1-309,
significantly more of the overexpressing cells showed a
more general cytosolic localization (data not shown). While
the overexpression of full-length ezrin had no effect on IMV
or EEV entry, the overexpression of the N-terminal fragment
resulted in a 50% increase in the entry of the IMV compared
with untransfected control cells (Table 5). EEV entry, how-
ever, was unaffected by the overexpression of ezrin 1-309
(Table 5).

These data show that interfering with ezrin function af-
fects IMV entry, but not EEV entry.

The Role of Rho-GTPases in IMV and EEV Entry

ERM proteins are known to have complex interactions with
different members of the rho-family GTPases (see Discus-
sion). The relationship of these GTPases and actin rearrang-
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Figure 3. The exposure of HeLa cells to IMV results in the formation of long microvillar-like structures that contain actin and ezrin. HeLa
cells were incubated for 30 min at 37°C with IMV at an MOI of 200. The cells were fixed, prepared for cryosectioning, and labeled with
antibodies to actin (A) or were double labeled (B) with antiezrin (5-nm gold, small arrows) and anticore antibody (10-nm gold). Large arrows
indicate typical IMV-induced protrusions. V, virions; C, core; bars, 100 nm.

ments has been well documented in mouse fibroblasts;
RhoA is thought to be involved in stress fiber and focal
adhesion assembly, while racl and CDC42 usually regulate
the formation of lamellipodia and filopodia, respectively

Vol. 11, July 2000

(Hall, 1998). The long protrusions induced at the plasma
membrane by the IMV had all the hallmarks of slender
filopodia, suggesting that CDC42 might be involved in their
formation.
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Figure 4. Localization of actin and ezrin by indirect immunofluorescence and confocal microscopy. The localization of actin (A) and ezrin
(B) in uninfected HeLa cells is shown. In (C) and (D), HeLa cells were exposed for 10 min at 37°C to IMV at an MOI of 50. The picture in
(C) is overexposed to show the labeling of rhodamine-phalloidin in the slender cell-surface projections induced by the virus.

To address the possible role of these GTPases in vv
entry, HeLa cells were transiently transfected with myc-
tagged versions of activated and dominant-negative
rhoA, racl, and CDC42 (G25K isoform) and were infected
with either the IMV or the EEV. Table 5 shows that none
of these overexpressed proteins had an effect on EEV
entry, while three of them significantly affected IMV en-
try. Constitutively activated rhoA inhibited IMV entry by
~70%. Activated racl, however, doubled the number of
cores in the cytoplasm on infection with the IMV, relative
to untransfected control cells, while the dominant-nega-
tive racl inhibited entry by ~45% (Table 5). Finally, the
overexpression of activated or dominant-negative CDC42
had no effect on IMV entry, ruling out a likely role for this
GTPase in the IMV entry (Table 5).

We then used a recently described assay to test directly
whether the IMV was able to activate racl; in this assay the
racl-GTP (or CDC42-GTP)-binding domain of pak3 fused to
GST is used to affinity isolate rac1-GTP (but not Rac1-GDP)
from cell lysates (Bagrodia et al., 1998; Waterman-Storer et
al., 1999). Compared with uninfected cells, rac1-GTP levels
in HeLa cells gradually increased up to 3.5-fold after 60 min
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when they were exposed to IMV (Figure 7). Consistently, no
such racl activation was observed when using EEV (not
shown).

Further evidence that racl activation might be implicated
in IMV entry was obtained using specific ligands. The rela-
tionship between receptor activation and the activation of
rho proteins has been studied in detail in serum starved
Swiss 3T3 cells (see Zigmond, 1996 for a review).

HelLa cells were serum starved for 24 h and were exposed
for 10 min to several of these ligands after which the effect
on IMV and EEV entry was tested. Serum starvation of HeLa
cells led to a 10% decrease in IMV entry compared with
nondeprived cells, while EEV entry was not affected (not
shown). Furthermore, we observed that serum starvation for
longer than 24 h led to an almost complete block of IMV (but
not EEV) entry. Upon treatment of serum-starved HeLa cells
with several ligands known to activate rho proteins, EEV
entry was again unaffected (Table 6). Consistent with the
effect of activated rhoA on IMV, S 1-P, which has been
linked to rhoA activation, inhibited IMV entry by ~70%.
Bradykinin and platelet-derived growth factor (PDGF) had
no effect on the IMV entry, while epidermal growth factor
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Figure 5. Replica (A) and cryoscanning EM (B-D) of the surface of IMV-infected HeLa cells. (A) The surface replica of HeLa cells infected
for 30 min with IMV at a MOI of 50. There are many projections with bound virions projecting toward the eye that are more difficult to
resolve. (B)-(D) Cryoscanning EM of HeLa cells infected for 15 min with IMV at an MOI of 50. (B) shows an overview of a cell that has
responded to the IMV incubation by making a lamellipodium that branches in several thin projections. From the same cell another
filopodia-like structure emanates that reached ~16 pum in size and to which many virions are bound. In (C) and (D), close-ups of several
projections with bound IMVs, showing that in many instances the diameter of the virions (250 X 350 nm) exceeds the diameter of the induced
microvillar-like structures. Bars, 1 um.
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Figure 6. On entry, the IMV and EEV cores end up “free” in the cytoplasm, while the viral membranes remain at the plasma membrane. (A)—(E)
HelLa cells were infected for 30 min at an MOI of 200 with IMV. (A) An Epon-embedded sample with intact virions (V) at the plasma membrane
and cores (C) that are free in the cytoplasm. The small arrows indicate viral-induced projections; in one of those projections, a core can be seen that
has apparently entered at the level of the microvillus. (B) Epon embedding after preembedding labeling with an antibody to the surface of the IMV.
It shows several intact virions that label heavily. Small arrows indicate the microvilli induced by the virus. In the top right, a core has entered a
microvillus (which seems to have enlarged), and material adjacent to the surrounding plasma membrane now heavily labels for the antibody to
the viral membrane. The image also shows examples of labeled viral membranes (large arrows) devoid of cores that are not connected to the plasma
membrane. (C)—(E) Cryosection of IMV-infected HeLa cells. (C) shows a swollen microvillus that contains a core (large arrowhead) that lies free in
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Table 5. The effect of overexpression of dominant-negative or activated rho proteins and of full-length ezrin or ezrin 1-309 on IMV and EEV

entry?®
MV EEV
Not transf.P Transf.c % of Contr.4 Not transf.P Transf.c % of Contr.4

V14RhoA 322 +£10.2 9.4 + 65.0 29 392 £ 12.6 353 +114 20
N19RhoA 425+ 159 40.9 + 19.8 100 46.1 = 28.0 46.2 +22.0 100
L6lracl 32.6 = 10.8 64.6 = 259 200 39.2 +14.3 43.7 + 15.8 110
N17racl 35.1 +11.8 20.2 £ 11.1 58 37.8 +15.5 40.5 + 15.3 107
L61CDC42 35.6 = 14.0 339 +14.6 95 43.1 +£20.7 418 + 184 97
N17CDC42 33.3 + 14.1 35.1+123 105 404 +16.7 39.6 + 16.8 100
Ezrin-fl 36.1 £17.2 36.1 =174 100 46.3 = 16.0 45.8 + 16.1 100
Ezrin-N 369 + 17.1 544 +21.0 147 48.4 +27.8 50.5 + 25.8 105

aIMV infection was at MOI 30 and EEV at MOI 10.

P Average number of cores and S.D.s in nontransfected HeLa cells. N = 25 + S.D.s.

¢ Average number of cores and S.D.s in transfected cells (anti-myc or anti-P5D4 positive) with activated rhoA (V14 rhoA), racl (L61racl),
CDC42 (L61CDC42), dominant-negative rhoA (N19rhoA), racl (N17racl), and CDC42 (N17CDC42), and full-length ezrin (ezrin-fl) or ezrin

1-309 (ezrin-N). N = 25.

4% of contr. indicates the percentage of inhibition or stimulation of entry on overexpression of the respective proteins compared to

untransfected cells.

(EGF) had only marginal effects (25% increase; Table 6). In
contrast, bombesin (which is known to activate racl; Zig-
mond, 1996) stimulated the entry of the IMV by 50-60%
(Table 6).

These data clearly implicate a role for the GTPase racl in
the entry of the IMV in HeLa cells and suggest that perhaps
rho might be antagonistic to rac.

Phosphorylation by Protein Kinase C May Be Part
of the IMV Signaling Cascade

We attempted next to determine the events that might con-
nect IMV-receptor activation to the activation of racl and/or
ezrin. For this, HeLa cells were pretreated with various
drugs that affect heterotrimeric G proteins, PI3kinase, pro-
tein kinase A and C, tyrosine phosphorylation, as well as
phospholipase C. IMV entry was not affected by pertussis
toxin, cholera toxin, or aluminum fluoride, arguing against a
role for trimeric G proteins (Table 7). No inhibition was
observed with wortmannin and U73122, implying that (most

Figure 6 (cont). the cytoplasm. The small arrows denote ezrin
labeling. P, plasma membrane. (D) shows intact virions outside and
cores inside the cell both labeled with anticore and clearly separated
by the plasma membrane (P). E shows a cytoplasmic core and three
virions at the plasma membrane labeled with anticore. The marked
virion is clearly changing its morphology. We believe that this
change is part of the (elusive) IMV entry mechanism. The section
was double labeled with anticore (10-nm gold) and antip16 (5-nm
gold). (F) and (G) Cryosections of cells infected with EEV for 10 min.
The sections were double labeled for the IMV membrane protein
pl6 (5-nm gold) and the EEV membrane protein p42 (10-nm gold;
both indicated). Whereas the core can be found in the cytoplasm
underneath the cell surface, membrane fragments labeled for both
plé and p42 are found attached to the plasma membrane. CP,
coated pit. Bars, 100 nm. (F) and (G) are the same magnification.
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Figure 7. Exposure of HeLa cells to IMV leads to racl activation.
(A) shows a representative Western blot of racl-GTP levels in cell
lysates that were either incubated for 60 min in serum-free DMEM
(control) or for the indicated times in serum-free DMEM containing
purified IMV at an MOI of 40 (IMV). Rac1-GTP was affinity isolated
from cell lysates and was detected by ECL. (B) shows the quantita-
tion of four independent experiments. Western blots were probed
with antiracl and antimouse **SLR, and the blots were quantified by
phosphoimager. The average counts of uninfected cells incubated
for 60 min in serum-free DMEM (black bar, 60 min) from four
experiments was taken as 100%. The gray bars are from HeLa cells
exposed to IMV for different periods of time.

2507



Krijnse Locker et al.

Table 6. The effect of ligands on IMV and EEV entry in serum-
starved HeLa cells

Table 8. The effect on IMV entry of staurosporin, calphostin C and
tryphostin 23 on HeLa cells overexpressing L61racl

Ligand?® IMV (%) EEV (%)
Control 1000 100
S 1-P (1 uM) 33 100
Bombesin (100 nM) 155 100
EGF (50 ng/ml) 125 100
PDGF (5 ng/ml) 100 100
Bradikynin (100 ng/ml) 100 100

2 Concentration of the ligand in nM, uM or ng/ml.

P The entry is expressed as a percentage of the control. The control
(untreated cells) was taken as 100%. In each case, the cores in 30
serum-starved and treated or untreated cells were counted.

of the isoforms of) PI3 kinase or phospholipase C were also
not involved (Table 7). Significant inhibition was, however,
observed with the general kinase inhibitor staurosporin
(61% at 200 nM), as well as the protein kinase C-inhibiting
drugs calphostin C (70% at 250 nM) and bisindolylmaleim-
ide (40% at 10 uM; Table 7), while a myristoylated peptide
mimicking the active site of protein kinase A had no effect.
When cells were treated for 10 min with phorbol 12-myris-
tate 13-acetate (PMA), which is expected to activate PKC and
consequently to increase IMV entry, the penetration of this
latter virus was, on the contrary, inhibited by 50%.

The inhibition of IMV entry also was observed using two
drugs that affect tyrosine phosphorylation (69% inhibition
with genistein and 72% inhibition with tyrphostin 23; Table
7). None of these drugs significantly affected the entry of the

Table 7. The effect of several drugs on IMV and EEV entry®

Drug concentration Target IMV (%)  EEV (%)
Pertussis toxin (500 ng/ml)  Trimeric G 100° 100°
Cholera toxin (500 ng/ml) Trimeric G 100 100
Alft~ Trimeric G 100 100
Wortmannin (0.5 uM) PI; kinase 100 100
PMA (100 nM) PKC 50 100
Staurosporin (200 nM) PK 39 100
Calphostin C (250 nM) PKC 30 100
BIS (10 uM) PKC 60 100
Genistein (25 uM) PTK 65 100
Genistein (200 M) PTK 31 77
Tyrphostin 23 (25 uM) PTK 57 100
Tyrphostin 23 (100 uM) PTK 28 80
Myr. A (500 nM) PKA 100 100
U73122 (20 uM) PLC 100 100

2 Target, the intracellular target of the drug; Trimeric G, trimeric G
proteins; PKC, protein kinase C; PK, protein kinase; PTK, protein
tyrosine kinase; PKA, protein kinase A; PLC, phospholipase C;
Alf*~, aluminium fluoride; PMA, phorbol 12-myristate 13-acetate;
BIS, Bisindolylmaleimide; Myr. A, myristoylated peptide mimick-
ing the active site of protein kinase A.

bTn each case, 30 treated cells were counted and the amount is
expressed as a percentage of the control, which consisted of un-
treated cells.
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Lé6l1racl transfected
cells (%)

Nontransfected

Drug concentration cells (%)

Control 1002 100°
Staurosporin (100 nM) 55 88
Staurosporin (200 nM) 27.5 73
Calphostin C (200 nM) 34 89
Calphostin C (400 nM) 10 79
Tyrphostin 23 (50 uM) 31 39
Tyrphostin 23 (100 wM) 17 16

2 The average number of cores in untreated and nontransfected cells
was taken as 100%.

b The average number of cores in untreated and transfected cells
was taken as 100%. In each case the cores in 25 cells were counted
and the values are the average of two independent experiments.

EEV with the exception of the two tyrosine phosphorylation
inhibitors that, at the highest concentration tested (200 uM
for genistein and 100 uM for tyrphostin 23) affected its entry
by ~ 20% (Table 7).

To determine whether the phosphorylation events might
act before or after racl activation, the effect of staurosporin,
calphostin C, and tyrphostin 23 was subsequently tested on
cells overexpressing activated racl. Table 8 clearly illustrates
that the overexpression of L61racl was able to largely over-
come the inhibitory effect of staurosporin and calphostin C
but not that of the tyrosine phosphorylation inhibitor tyr-
phostin 23.

These data suggest that phosphorylation by PKC may
precede racl activation and that both events, together with
actin assembly, act in concert during the entry of the IMV.

DISCUSSION

Although it is generally assumed that during the infection
with both the IMV and the EEV the same vv core particle
ends up in the cytoplasm, the present study shows that the
mechanism of entry of the two infectious forms is funda-
mentally different. IMV entry requires actin, can be stimu-
lated by constitutively activated racl as well as the N-termi-
nal part of ezrin, while drugs that affect PKC and PTK
inhibit its entry. None of the drugs or overexpressed pro-
teins affected EEV entry, thus showing that the effects we
describe for the IMV were specific and were not related to
cytotoxic effects. The combined results thus represent the
first example of an enveloped virus requiring actin and
signaling for its entry in a manner similar to pathogenic
bacteria.

Our data are consistent with the results of Payne and
Norrby (1978) showing that the entry of the IMV, but not the
EEV, was affected by cytochalasin B. Recent results by
Vanderplasschen et al. (1998), however, suggested that the
entry of both the IMV and the EEV was blocked by CD. The
authors suggested that unpurified EEV taken straight from
the medium entered cells differently from purified virus
because the EEV-specific membrane might rupture during
purification. Unfortunately, we were unable to reproduce
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the entry assay described in that study, using unpurified
and unconcentrated EEV. Purification in the present study
was done using OptiPrep gradients instead of the standard
sucrose or cesium chloride, resulting (as assessed by nega-
tive-staining EM) in 20-30% of EEVs with a partially opened
EEV membrane. Nevertheless, throughout this study we
show that our purified EEV behaved differently toward the
IMV in almost every respect.

The present data show that the IMV activates a signaling
cascade, leading to the formation of cell-surface protrusions
that appear to be needed for the core to cross the plasma
membrane. We assume that (unknown) viral receptors are
the primary mediators of this response on IMV binding.
Only one candidate receptor for the IMV has been described
so far (Chung et al., 1998), but because of the complexity of
the particle and its wide host range, the IMV (as well as the
EEV) is likely to use more than one receptor for entry. The
simplest model for a signaling cascade that we can propose
is that IMV binding induces concomitant activation of ERM
proteins, tyrosine kinases, PKC, and racl. The overexpres-
sion of activated racl was almost completely able to over-
come the block in entry by PKC inhibitors, suggesting that a
PKC-dependent event may be “upstream” of racl. This ob-
servation is consistent with earlier data, showing that the
activation of one of the nucleotide exchange factors for racl,
Tiam-1, can occur via phosphorylation by PCK (Fleming et
al., 1997).

The ERM proteins have been shown to become phosphor-
ylated both on serine/threonines as well as on tyrosine
residues, and these modifications are most likely linked to
their activation (Bretscher, 1999; Mangeat et al., 1999). In
their dormant state, the N-terminus of ERM proteins binds
“head-to-tail” to the C-terminus, an association that is lost
on activation. The free termini then become available for
interaction with themselves to form dimers or to interact
with other molecules at the membrane. EGF receptor acti-
vation (possibly via racl) may be linked to tyrosine phos-
phorylation of ERM proteins and to subsequent plasma
membrane ruffling (Bretscher, 1989; Krieg and Hunter, 1992;
Ridley et al., 1992; Bretscher and Aguado-Velasco, 1998),
providing a possible explanation for the fact that IMV entry
was decreased by inhibitors of tyrosine phosphorylation.
ERM proteins also have been extensively linked to the rho
protein family (Hirao et al., 1996; Kotani et al., 1997; Mackay
et al., 1997; Takahashi et al., 1997; Matsui ef al., 1998; Shaw et
al., 1998). They can bind directly to RhoGDI (Takahashi et al.,
1997) as well as to the Rho GDP/GTP exchange factor Dbl
(Takahashi et al., 1998), suggesting that ERM may activate
Rho proteins. In vitro RhoGDI has been shown to bind the
ERM N-terminus but not the full-length (folded) molecule
(Takahashi et al., 1997), providing a possible explanation for
why overexpression of ezrin 1-309 stimulated IMV entry; by
binding more rhoGDI, the overexpressed protein could ac-
tivate rho family proteins.

The IMV seemed to require activated racl for its entry,
while activated rhoA inhibited this process. One possibility
is therefore that activated rhoA antagonized the function of
racl (see Schoenwaelder and Burridge, 1999). Alternatively,
the effect of V14rhoA on IMV entry might be indirect; the
overexpression of activated rhoA induces exaggerated
amounts of stress fibers, which may result in less G actin
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being available for polymerization at the plasma membrane,
as suggested by Ridley et al. (1995).

The available data on vv entry have been interpreted as
showing that vv enters cells by a fusion process at the
plasma membrane (Armstrong et al., 1973; Granados,
1973; Chang and Metz, 1976). In a separate study, we have
accumulated extensive data arguing against a conven-
tional fusion process (Krijnse Locker et al., unpublished
results). Both with the IMV and the EEV we observed a
separation of the viral membranes and membrane pro-
teins from the core at the point of entry, while the cores,
after crossing the plasma membrane barrier, end up free
in the adjacent cytoplasm. That this mechanism does not
involve fusion is most dramatically exemplified by the
fact that none of the viral membrane proteins appear to be
implanted into the plasma membrane, as would be ex-
pected for a fusion event (Krijnse Locker et al., unpub-
lished results).

Although morphologically the process of entry appears very
similar for the two viral forms, the entry is in other respects
quite different, since the IMV signals to the cells and the EEV
does not. We speculate that the actin-membrane rearrange-
ments induced by the IMV are similar to the initial stages of
phagocytosis, since the IMV, in principle, is large enough (>
0.3 um) to evoke a phagocytic response. However, since from
our morphological data the IMV is not internalized into HeLa
cells into a phagosome, the reasons why this virus needs to
induce the formation of actin-containing protrusions at the
plasma membrane for its entry remain open. Obvious possi-
bilities are that the microvillar-like structures concentrate or
expose a new domain of the (outer leaflet of the) plasma
membrane that is enriched in lipids and/or proteins that facil-
itate binding or entry of the IMV core.

The acquisition of an additional membrane containing six
known membrane proteins enables the EEV to enter cells in
an apparent “silent” way. Since the surface of the EEV
exposes an entirely different set of proteins, the most obvi-
ous explanation for this difference is that this virus binds
different putative receptors (see Vanderplasschen et al., 1998)
that do not lead to cell activation. Perhaps the EEV is capable
of locking its receptor(s) in a manner that prevents oligimer-
ization, usually an essential prelude to signaling.

An important fact to consider is that, although during
infection significantly more IMV than EEV is made (see
Introduction), the latter virus is the major player in cell-to-
cell spread and in disease transmission. The fact that the
EEV is capable of entry without signaling could give it an
important immunological advantage over the IMV in being
able to enter without (initially) activating potential cellular
defense mechanisms. Clearly, these speculations now need
to be tested experimentally.
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